The damping effect in the nanoscale mechanical beam resonators operated under ambient conditions was studied. Experimental measurement of the viscous air damping in the nanowire cantilever resonators was carried out using the electric-field-induced resonance method; and a theoretical model, which accounts for the effects of dimension and material property of the nanowires and the air viscosity of the environment, was developed for describing the mechanical resonance and damping. The study showed that the damping effect in the nanoscale beam resonators operated in air could be as high as that in the microscale resonators operated in liquids, and scaled with the geometric dimension of the studied nanowire cantilevers.
I. INTRODUCTION
Nanoscale electromechanical resonance systems have been the focus of many studies recently due to their potential for extremely high-sensitivity sensing and high-frequency device applications. Such systems, besides serving as model systems for the study of fundamental electromechanical behavior at the nanoscale, also provide test beds for novel device and engineering development. [1] [2] [3] Significant advance has indeed been made in using such nanoscale mechanical resonance systems for the detection of biological entities and chemical species, [4] [5] [6] the sensing of small mass and force, [7] [8] [9] [10] and the measurement of material properties and reological behaviors at the nanoscale. 1, 2, [11] [12] [13] Individual nanostructures, made either through microfabrication or by chemical synthesis, are generally utilized as the key element, the cantilever beam in such systems, and the unique electromechanical, chemical, electronic, and other surface properties of these nanostructures are exploited. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In such nanoscale mechanical resonance systems, one critical parameter often used to gauge their performance is the quality factor Q, associated with damping, which measures the ratio of the energy stored to the energy dissipated by losses in the mechanical resonance. The larger the Q factor is, the higher the sensitivity of the resonance system toward any external perturbations. Another critical parameter that is related to the damping of cantilever oscillation system in air or liquid is the Reynolds number, which is defined as Re = d / , and is a measure of the relative importance of the inertial force to the viscous force for a moving object in fluid (air or liquid), where and are the density and viscosity of the fluid, is the velocity, and d is the characteristic dimension of the object. Because of the small characteristic dimension (the width) of the nanoscale cantilever, 14 the Reynolds number becomes very small. For the nanowire cantilevers used in this work, the Reynolds numbers are estimated to be less than 0.1 in air or water, which implies that the viscous effect is much more significant than the inertial effect in the oscillation of nanocantilever in fluid.
Most experimental and analytical studies on the cantilever beam oscillating in fluid have been carried out with application to atomic force microscope (AFM).
14-19 For example, Sader et al. 14, 19 presented an analytical model, which accounts for both the dissipative and inertial effects, and an experimental measurement of the frequency response of the AFM cantilevers immersed in air or various liquids; Walters et al. 16 reported the dependence of damping on the AFM cantilever length in air and water. In these studies, when the microscale AFM cantilever beams are operated in fluid, their resonant frequencies are generally shifted downward, compared to their natural resonance frequencies in vacuum, and their Q factors are decreased because of the extra dissipative and inertial effects in fluid. It is expected that the viscous damping, which is the dominant loss mechanism for the microscale mechanical resonator at the atmospheric pressure, 20 should increase significantly for the nanoscale mechanical resonator due to the significant decrease of the associated Reynolds number. However, to our knowledge, partly due to the difficulties in the actuation and detection as well as in the fabrication of the nanoscale mechanical resonator, no experimental study on the damping effect in the nanoscale mechanical beam resonator (with nanoscale characteristic length) operating in air or liquid has been reported, even though the potential for its application in air or liquid environment continues to grow. 21, 22 In this study, we present the experimental measurement of the viscous damping in the resonant oscillation of zinc oxide (ZnO) nanowire cantilevers in air. The amplitudefrequency responses of the nanocantilevers were measured using the electric-field-induced resonance method. [1] [2] [3] 13 The resonant frequencies and the damping coefficients (or the related Q factor) were obtained by fitting the measured amplitude-frequency response curve with the modeling result derived from the Bernoulli-Euler model. 23 In the model, the hydrodynamic force is included in the form of the creeping flow solution, [24] [25] [26] and the damping coefficient is expressed with the dimension and the material property of the nanocantilevers, and the fluid viscosity. We found that the measured Q factor values of the nanocantilevers in air ranged from 1-10, which is as low as the reported Q values of the microcantilevers operated in liquid.
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II. EXPERIMENT
Four ZnO nanowire cantilevers were used in this study. The nanocantilever was made by attaching an individual ZnO nanowire onto the end of an electrochemically sharpened tungsten (W) wire [ Fig. 1(a) ]. The attachment was mechanical, strengthened by depositing a controlled amount of epoxy resin around the attachment area using a nanomanipulation stage integrated with an optical microscope (Olympus Model BX51WI). We measured the dimensions of the cantilevers using the scanning electron microscopy (SEM). The ZnO nanowire typically has a rectangular cross section with a uniform width w, and a thickness t, along its entire length L. 27 The thicknesses and widths of the cantilevers were measured in the SEM by rotating the cantilevers along their axes. Some nanowires showed small variations in thicknesses and widths along the length. In such cases, we used the average value for the analysis. Figure 1 (a) shows a typical SEM image of the ZnO nanowire cantilever. The measured dimensions of the cantilevers used in this study are listed in Table I .
We measured the frequency responses of the nanocantilevers by the electric-field-induced resonance method [1] [2] [3] 13 under ambient conditions. A sharpened W probe with a tip radius of generally less than 200 nm was used as the counter electrode for the electric-field excitation. The positioning of the nanocantilever and the counter electrode was precisely controlled using the same nanomanipulation stage. To excite the ZnO nanowire cantilever, a constant voltage V dc and an oscillating voltage V ac sin t, with a tunable frequency were applied between the nanocantilever and the counter electrode. The dynamic behavior of the nanocantilever was observed under the optical microscope, and recorded using a high-sensitivity cooled charge-coupled device camera. The amplitude-frequency response of the nanocantilever was obtained by measuring the oscillation amplitude of the nanocantilever at varying driving frequency . Figure 1(b) shows the typical optical microscope image of a resonating nanocantilever, from which the amplitude of the oscillation was determined. Figure 2 shows the response curve of the nanocantilever C1 in air, obtained with two different sets of V dc and V ac [V dc = 8 V and V ac = 6 V for (a), and V dc = 3 V and V ac = 11 V for (b)]. Dual-mode resonance is obviously seen in Fig. 2(b) , and the magnitude of the frequency response of each mode can be controlled by adjusting the amplitude of the applied voltages V dc and V ac . Shown also in the plots in Fig. 2 are the line fits (the solid lines) to the experimental data based on a harmonio-oscillator model developed and detailed in the following sections. a C3 is the same cantilever as C2. We list them separately because we excited it along both the thickness and width directions in the experiment.
FIG. 2. Frequency responses of C1 nanocantilever in air with the applied excitation voltages of
The solid lines are curve fits according to the developed harmonic-oscillator model.
III. MODEL
To describe the dynamic motion and the frequency response of the nanocantilever resonance system, we used the Bernoulli- 
where E is the Young's modulus, I is the area moment of inertia, c is the density, A is the cross-section area, and x is the spatial coordinate along the length of the nanocantilever. The right side of Eq. (1) includes the external forces per unit length.
The electrostatic force, F electro , is related to the applied voltage V dc + V ac sin t as
where C, z, and ⌬⌽ are the capacitance, the distance, and the contact potential difference between the nanocantilever and the counter electrode, respectively. The second-force component in Eq.
(1) is a hydrodynamic force per unit length due to the interaction between the oscillating nanocantilever and the surrounding viscous fluid. The hydrodynamic force is estimated based on the solution of creeping flow at a low Reynolds number, where the drag coefficient of the object immersed in fluid is proportional to the inverse of the Reynolds number:
24-26
where ␣ is a correction factor that is a function of the Reynolds number and the dimension of the nanocantilever. Generally, ␣ increases slightly with the Reynolds number, but is almost constant when the Reynolds number is almost constant, regardless of the small variation in the dimension of the cantilever beams. The oscillation amplitude y͑x , t͒ of the cantilever is derived through the transfer function of the cantilever system obtained, using the normal-mode method. 23 If we assume that the contribution of the higher-order resonance modes is negligible and consider only the fundamental mode in the analysis of the frequency responses (the highermode resonances were not observed in our experiment),
where A c is a common factor given by 
. ͑6͒
The quality factor Q is defined as Q =1/2.
IV. RESULTS AND ANALYSIS
We now turn to the analysis of the experimental results. The experimentally observed dual-mode response in Fig.  2(b) can be explained based on Eq. (2), where the electrostatic force has two time-dependent components, corresponding to the driving frequencies of 1 and 2. Consequently, the nanocantilever can be induced to resonate at its fundamental mode by the applied drive frequencies at both 01 (we call it the linear mode) and 01 /2 (we call it the quadratic mode), according to Eq. (4). In this study, both the linear dependence of the oscillation amplitude on V dc in the linear mode and the quadratic dependence of the oscillation amplitude on V ac in the quadratic mode according to Eq. (2) were observed and verified. The quadratic dependence was observed by setting V dc equal to ⌬⌽, to remove the linear mode according to either Eq. (2) or (4).
For determining the resonance frequency and the damping coefficient of the nanocantilevers, Eq. (4) was used to fit the obtained frequency response curves, as shown in Fig. 2 . Equation (4) includes the contributions from both the linear mode and the quadratic mode resonances. For the example shown in Fig. 2 , the damping coefficient was obtained from the fitting to the data near the peak of the linear mode in either Fig. 2(a) or 2(b) . The obtained values, ϳ0.13, from both curves are very close. The effect of the quadratic mode in the curve fitting for determining the damping coefficient is thus minimal. In the case that the quadratic resonance is intentionally minimized by adjusting the applied V dc as discussed previously, the linear-resonance mode is dominant, and the frequency response of the nanocantilever in the frequency region near 01 can be well fit with
where A 0 is the zero-frequency amplitude of the response. The results from the curve fitting for the nanocantilevers are summarized in Table II , which includes the damping coefficient exp and the corresponding quality factor Q exp , the intrinsic resonance frequency f exp ͑f exp = 01 /2͒, and the corresponding resonance frequency f air in air, according to Eq. (6).
The dependence of damping on the dimension and material property of the nanocantilevers can be revealed by defining two-dimensionless parameters, the normalized dimension parameter D n and the normalized Reynolds number Re n (Ref. 14)
͑8͒
Re n = 01 w 2 4 .
The normalized dimension parameter, D n , includes the dimensions and material properties of the cantilever, and the fluid viscosity of the environment. We thus expect, according to Eq. (5), exp = ␣D n . A near-perfect linear dependence of exp on D n was indeed found, as shown in Fig. 3 , according to the experimental data.
We examined the scale effects on damping by comparing the Q factor values of nanocantilevers in our experiment with those of the microcantilevers in air and in various liquids, extracted from Ref. Figure 4 shows the Q factor as a function of the normalized dimension parameter D n from the combined experimental data. The Q factor values of the nanocantilevers in air in this study, which are in the range of 1-10, are an order of magnitude lower than those of the microcantilevers in air (Q from 10 to 100), and are as small as those of the microcantilevers in liquids. 19 The Q factor value of the nanocantilever in air is also about two orders of magnitude smaller than that measured in a vacuum, which is ϳ500 for ZnO nanowire according to Bai et al. 13 This scaling effect, as clearly shown in Fig. 4 , can be qualitatively explained from the fact that as the characteristic length of the cantilever reduces, the Reynolds number reduces, and correspondingly the viscous effect, thus the damping, in the fluid (air or liquid) increases significantly.
The dependence of damping on the intrinsic resonance frequency of the cantilever is shown in Fig. 5 . As expected from Eq. (5), the damping coefficient shows a general trend of decrease as the intrinsic resonance frequency of the cantilevers increases. It is expected that as the characteristic frequency increases, the Reynolds number increases, and consequently the viscous effect decreases. Such phenomenon has been also observed for microcantilevers, 16 in which the high-mode resonances of a microcantilever (having a length of 105 m, a width of 20 m, and a thickness of 430 nm) oscillating in water were observed, instead of the fundamen- tal mode resonance. The dependence of damping on the oscillation amplitude of the nanocantilever C1 is also studied. We varied the amplitude of resonance oscillation by adjusting V dc and plotted the amplitude as a function of V dc in Fig.  6 . The oscillation amplitude increases, as expected according to Eq. (4), linearly with V dc without any obvious deviation (The change in damping would otherwise affect the oscillation amplitude, and thus change the linear dependence.), which indirectly infers that the effect of the oscillation amplitude on damping is not significant in the nanocantilever resonator.
V. CONCLUSIONS
In summary, we studied the effect of damping in the nanowire mechanical resonator (having a characteristic dimension of ϳ100 nm) under ambient conditions. The damping of the nanocantilevers in air was found to be as high as that of the microcantilevers in liquid, and the Q factor values of the nanocantilevers were in the range of 1-10. An analytical model was also developed, which accurately described the damping effect in the nanocantilevers operated in air. The model should be of great value for designing the nanomechanical resonators operating in viscous fluids. Here, we note that as the characteristic length of the cantilever is close to the mean free path of air, the continuum model used in this study may become invalid, and an additional rarefied gas effect should be considered. Further studies using nanocantilevers having even smaller characteristic dimension ͑ϳ10 nm͒ are planned.
In general, a high Q factor value for the cantilever-type mechanical resonance system is preferred in many sensingrelated applications in order to improve the sensitivity. The low Q factor of nanocantilever in viscous fluids, as revealed in this study, could limit its application for the mechanical resonance sensing. Additional efforts thus need to be taken in this regard in designing the optimal dimension, and selecting the right materials for nanocantilever to be used in the mechanical system in order to maximize the Q factor value. It is also suggested that the Q factor of the nanocantilever system can be improved by operating the nanocantilever at a highresonance frequency (in a higher-resonance mode), or by the active Q control (the feedback control) method.
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